One contribution of 20 to a discussion meeting issue 'Biological and climatic impacts of ocean trace element chemistry'.
Introduction
At any age of the Earth, the chemical composition of the ocean results from a variety of processes, hydrologic, tectonic, volcanic, biologic, sedimentologic and weathering whose interplay is directly linked to climate forcing. On a present-day timescale, the seawater chemistry reflects the balance between the sources and sinks of material to and from the ocean. External sources can be described as the pathways of material between the solid earth and the ocean (GEOTRACES Science Plan, www.geotraces.org [1, 2] ). We identify five pathways.
-Atmospheric source. This describes the material derived from the continents, which is transported through the atmosphere (aerosols) to be deposited on the sea surface. This includes dust but also gaseous species, long range transports as well as short and intense depositions [3, 4] . -River inputs. Erosion and weathering of the continental crust and surface (soils) by physical and chemical processes yield the release of material in rivers, under dissolved, colloidal and solid forms. River flow is transporting these chemical species down to the ocean, where either they are maintained dissolved (conservative species, e.g. Cl or Na), solid (conservative tracers of lithogenic inputs, e.g. Al or 232 Th) or change of status (reactive species, as Fe or Mn). Colloids are lying between dissolved and suspended loads, and can have a significant impact on the behaviour of reactive elements such as Useries nuclides (e.g. U, Th, Ra and Pb) during weathering and river-estuarine transports [5, 6] . In the same manner, strong iron removal and rare earth element (REE) fractionation in the Amazon estuary were attributed to the colloid phases [7, 8] . However, the same authors demonstrate that a dominant fraction of these elements is transported in the river and estuaries with particles. This solid load is deposited on the shelf and slope and contributes to build oceanic margins on geological timescales [9] . This solid load comprises the bedload flux and the suspended particle flux [10] [11] [12] . River discharge is commonly understood as occurring at the Earth's surface, most cases through estuarine systems in areas subjected to tidal forcing, but can also meet directly salty water, as in the Mediterranean Sea for example. -Sediments. Once deposited on the margins, marine sediments act as chemical reactors to release and adsorb species to and from seawater. Actually, distinguishing the riverine solid load from the deposited sediments is not straightforward in coastal environments, owing to the fact that they essentially refer to the freshness of the material. However, recent works identified that submarine weathering of deposited material can act as a source of trace elements and isotopes to the ocean, allowing the present distinction of this later pathway [13] [14] [15] [16] [17] [18] [19] . -Submarine groundwater discharges (SGD). In the last two decades an increasing number of studies underlined the importance of SGD. The term SGD includes the discharge of fresh groundwater to coastal seas to which recirculation of seawater often contributes [19, 20] . Subterranean estuary describes a reaction zone between seawater and groundwater with seawater recirculating though permeable sediments [21] [22] [23] . As 'open air' rivers do, SGD are vectors of dissolved and particulate chemical species to the ocean. -Mid-ocean ridges and volcanic arcs. Exchange with the Earth's crust and mantle occurs through interactions with mid-ocean ridge and volcanic arc basalts. These interactions can be on-or off-axis, as well as low-or high-T. Hydrothermal circulation results from the seawater percolation into the oceanic crust. Interaction with the host rock is modifying the seawater composition, either by the removal of some chemical species (e.g. Mg) or by loading it with other species (e.g. Fe, Zn). When emerging at the seafloor surface as hydrothermal vents, mixing of the hot and reduced fluid with the cold and oxygenated surrounding seawater yields other reactions resulting in a hydrothermal plume that is dispersed in the ocean [24, 25] . Hydrothermal systems related to volcanic arcs, although identified, are clearly less understood [26] .
All these pathways are bringing dissolved and solid material to the ocean. Before going further, let us consider the relative importance of the different mass fluxes. The most recent estimates of dust deposition integrate field measurements of atmospheric aerosols (although still very sparse) and global distribution of atmospheric aerosols deduced from satellites. They conclude to an average global flux of 0.45 Gt yr −1 [3, 4] .
Peucker-Ehrenbrink [10] reassessed the total flux of river water and suspended sediment from land to sea. To this extent, he provided the community with a digital database of important physical characteristics of rivers draining into the ocean (Land2Sea database [10] ). On the one hand, 1184 rivers covering 76% of the exorheic drainage area could provide data on annual water runoff; on the other hand, 544 exorheic drainages (i.e. 66.2% of the continental drainage) allowed estimates of the annual suspended sediment flux. Results are an annual runoff of approximately 38 500 km 3 and an annual suspended sediment delivery to the coastal ocean of approximately 18.6 gigatons.
Particulates are also transported as bed load, and this flux has been estimated to be from 1.6 to 10 Gt yr −1 [12] . As a whole, global terrigenous particulate flux to the oceans exceeds that of the dissolved flux by a factor of 16.6 to 30. Comparison within these fluxes underlines that the atmospheric dust deposition is significantly less than the dissolved riverine flux and 40-75 times less than the particulate flux, although the relative impact of both vectors depends on how much they dissolve. In addition, dust inputs are discrete in time and space, while sediments are more continuously discharged. Yet, atmospheric inputs could still bring relatively important amounts of elements at some specific locations, as recently demonstrated off the Saharan desert [27] .
Despite the importance of the solid flux discharged at the land-ocean contact, until recently the oceanic budgets of elements were built taking into account the riverine dissolved input to which a variable soluble fraction of dust was added. However, oceanic isotopic budgets of chemical species, macro-and micronutrients (e.g. Nd, Sr, Si, Mg, Zn, Mo and Ni) have revealed an imbalance between their sources and sinks [28] . In addition, radiogenic isotope budgets underlined the importance of taking into account continental margins as a source of elements to oceans and highlighted that the net land-ocean inputs of chemical species likely result from particle-dissolved exchange processes, named 'Boundary Exchange' [13] . Indeed, these authors proposed that exchange occurring along the margins (even at depth) was the only way to explain the change of Nd isotopic composition without significantly changing its concentration and named this mechanism 'Boundary Exchange', without proposing a clear description either of the source or of the processes determining this mechanism. Here, we discuss what could be the role of mechanisms affecting the solid material at the land-ocean contact and that could be critical sources of elements to the ocean. However, because seawater is close to saturated or supersaturated with respect to many mineral phases, much of the chemical input into seawater from atmospheric or riverine transported particulate material dissolution should be readily precipitated as secondary mineral, consistent with the 'Boundary Exchange' hypothesis. This could affect the net element input flux, but not so clearly its isotopic composition and the impact of this composition on the local seawater [29] [30] [31] [32] . Precise flux estimates will depend on a comprehensive understanding of processes governing particle-solution exchanges, opening a large field for further researches.
This paper proposes a review of the different mechanisms that act as source or sink of chemical species at the land-ocean interface. Its scope is also to introduce two detailed discussions proposed in the same issue on the importance of sediment studies on the one hand on the quantification of shelf and SGD impact to the ocean on the other hand [18, 19] . It eventually suggests that the term 'Boundary Exchange' probably comprises a combination of all these coastal pathways. based on field observations and finally some experimental results on dissolution kinetics of this solid material. These authors also display a compilation of the ratio of global riverine particulate flux to the corresponding dissolved one for 18 elements which underlines that Na is the only one for which dissolved fluxes are larger than the corresponding particulate ones. It is beyond the scope of this paper to re-examine the information given in this work. The strategy here is more to enlighten to what extent freshly discharged riverine material (as suspended particles or bedload material) could efficiently impact the local seawater with selected examples and to propose some thoughts on how this could change under the global change pressure.
Competitors for land-ocean transfers
Gislason et al. [33] focus on the role of suspended material in the total quantity of Ca originating from silicate weathering and transported in suspension to the ocean, where Ca can be eventually released in dissolved form to ocean water. Ca clays are transported as suspended particles from their upstream weathering location to the oceans; once in contact with seawater, they behave like cationic resins and exchange their Ca 2+ with Na + . A pioneer work on this issue allowed estimating that the total mass of Ca released to ocean water resulting from this exchange was 37 Mt yr −1 [34] . Gislason & Oelkers [35] also demonstrated that 0.05% Ca-bearing silicate mineral and glass discharged as suspended particles by Icelandic rivers are dissolving into seawater each day. They estimated that the total Ca flux to the oceans stemming from river-suspended silicates is probably similar to the flux stemming from riverine transport of dissolved Ca originating from silicate dissolution on land and that it probably plays a critical feedback in climate via further carbonate precipitation in the ocean.
It is well established that the Sr isotopic balance of the ocean is not completely achieved nowadays, because a non-radiogenic term is missing [36] [37] [38] [39] . Among the mechanisms proposed to reconcile this flux imbalance, a potential candidate is the weathering of suspended particles of volcanic origin and transported by rivers to the sea. The first field evidence that this mechanism occurs in coastal areas and could account for 6-45% of the marine Sr budget imbalance was recently published [31] . These results confirmed earlier batch experiments that consisted of putting in contact basaltic river particles and seawater and allowed estimating that 2-10% of the Sr originally contained in the particulates was released to seawater during the four months of experiment [30] .
Rousseau et al. [8] realized a detailed sampling of the dissolved and particulate material (including colloidal fraction) discharged by the Amazon river to the Atlantic Ocean, with a specific focus on the salinity gradient. Analysis of REE concentrations, Nd isotopic compositions and Ra isotopes allowed these authors to establish that although a huge fraction of freshwater REE is removed from the solution as a result of colloid precipitation at low salinity, the slight increase of these REE concentrations in the lower estuary reflects a release of REE from the suspended material transported by the river. The lithogenic origin of this increase is revealed by the Nd isotopic composition of these brackish waters (S > 17). These results clearly suggest that suspended particles transported by the river flow are still experiencing weathering during the estuarine mixing, impacting both the net dissolved REE flux and its Nd signature. Thanks to the radium data, they also show that these processes are occurring on a weekly timescale. Continuous weathering of detrital silicates is also revealed by results on Li concentration and isotopic composition evolution of the suspended particles along the estuarine mixing [40] . Moreover, isotopic data of chemical elements acquired in the framework of GEOTRACES (for example, Ni, Mo or Zn) reveal that the oceanic budget of these elements is not balanced [41, 42] . This imbalance could also reflect release of heavy isotopes during submarine weathering of lithogenic material, a hypothesis which requires further investigations.
As important micronutrients such as Fe or P are mostly brought to seawater in particulate form, the dissolution of river particles might also impact their cycles and provide a strong link between continental weathering and marine productivity. Moreover, under the global change pressure, the multiplication of upstream dams as the reclamation of the estuarine intertidal and subtidal seabed for human and economic developments has massively changed the geography of estuaries, efficient locations for trapping and/or releasing chemical species [43] . The overall impact is likely to lower their ability to retain carbon, nutrients and trace elements and to 
(b) Submarine weathering
Significant changes of the Nd isotopic composition of different water masses flowing along oceanic margins at different locations representative of various geological fields (Java, Papua New Guinea, Greenland, etc.) were detected at depths of 600 m or more [44] [45] [46] . Such levels are deeper than the depth of the river deposits on shelves (discussed above) and that of the occurrence of submarine water discharges (SGD, see below and [19] ). Because of the lack of large rivers in their vicinity, most of these margins were not recharged by freshly deposited material as discussed above. This led these authors to suggest that sediments deposited on these margins could release Nd with an isotopic ratio different from that of the water mass flowing through, therefore changing the isotopic signature of this water mass. However, because the Nd concentration did not change significantly while the isotopic composition was modified, they also considered that scavenging could follow this release, and named the whole processes 'Boundary Exchange'. The most striking point here is that sediments that are deposited for a long time in the deepest part of the ocean could still be weathered, leading to the release of chemical species of lithogenic origin. Change of seawater signature occurs at such depths that it prevents invoking any other source but the sediment one. This was further observed by many authors, all confirming the first intuition of Lacan & Jeandel [45, [47] [48] [49] [50] [51] [52] [53] [54] [55] . Based on iron isotopic signatures measured in the water column, Radic et al. [56] and Labatut et al. [57] suggest that the process releasing dissolved iron into the seawater off the Papua New Guinea margin is a non-reductive dissolution (NRD) of sediments rather than dissimilatory iron reduction (DIR) which would imprint a more negative δ 56 Fe signature than what is observed ( figure 1a) . DFe release to sediment pore fluids and bottom waters along the Cape margin driven by both DIR and NRD processes was also observed thanks to a close look at diagenetic processes [13] (figure 1b). Interestingly, Homoky et al. [58] measured very high pore water iron concentrations (2-3 orders of magnitude higher than the Cape margin) in deep-water basaltic sediments near volcanic islands, supporting the view that volcanic sediments (even in deep water) may be important sites for trace element dissolution, and with positive δ 56 Fe pore water signatures, these data being consistent with Radic's NRD hypothesis for iron [56] . Sedimentary sources and processes are discussed in detail in this issue [18] .
(c) Submarine groundwater discharge
Burnett et al. [20] define 'submarine groundwater discharge (SGD) to be any flow of water out across the sea floor, without regard to its composition (e.g., salinity), its origin, or the mechanism(s) driving the flow'. However, because this definition is too broad, these authors consider that for issues related to oceanography one should restrict the term to fluid circulation through continental shelf sediments with emphasis on the coastal zone. Pictures of SGD are proposed in figure 2 .
The pioneer work of Moore et al. demonstrated that while atmosphere and rivers are negligible contributors of 228 Ra to the ocean, the flux from muddy near shore and shelf sediments is a primary source, accounting for 63% of the total input of this isotope [59] . These authors therefore deduced that the remaining 228 Ra flux is due to SGD, which could represent between 0.8 and 1.6 times the river flux to the Atlantic. However, SGD is not always freshwater flux, but often a flux of terrestrial water that has mixed with seawater in the subterranean estuary. During this mixing, 228 Ra concentrations could increase 100-fold. In addition to radium isotopes, SGD are enriched in nutrients, carbon and trace metals. This led Rodellas et al. [23] to estimate that SGD may be a major conveyor of dissolved inorganic nutrients to the Mediterranean Sea, with median annual fluxes of nitrogen, phosphorus and silica, comparable to riverine and atmospheric inputs. These results are echoing those on groundwater samples of the Ganges-Brahmaputra [56] , who hypothesized that release of dissolved iron from the sediment deposited on the oceanic margins was due to dissolution under reducing conditions (dissimilatory iron reduction or DIR as generally admitted in the literature, yielding negative δ 56 Fe) but also oxidizing conditions (non-reductive dissolution or NRD, yielding null or slightly positive δ 56 Fe); however, this hypothesis was based on water column profiles only: the authors did not have access to sediment cores. Panel (b) is adapted from Homoky et al. [17] who analysed interstitial pore waters of sediment cores at different depths of the Cape margin, and directly identified these two mechanisms across the oxidizing and reducing zones for iron, confirming the hypothesis of Radic et al. [56] . Note the dashed lines in (b) indicate the isotope mixtures predicted between hypothetical end members of reductive dissolution (RD) and NRD sources of iron to the pore waters. deltaic area which show dissolved Si concentrations 2-3 times higher than the river ones [60] . In addition, deep groundwaters are characterized by negative δ30 Si, contrasting with the heavy values of surface and river waters. These authors estimate a resulting Si flux by groundwater equals 40% of the total (river + groundwater) annual Si flux into the Bay of Bengal [60] . Note that groundwater negative δ30 Si values were also observed in the Australian Great Artesian Basin, possibly revealing dissolution of light mineral phases [61] .
Could SGD also contribute to the missing fluxes of Sr and Nd already discussed above? Dowling et al. [62] established that Sr and Ba of the Ganges-Brahmaputra floodplain samples display concentrations averaging 7-9 times the surface Ganges-Brahmaputra River (GBR) water values. These authors estimated that the submarine groundwater fluxes of Sr and Ba to the oceans were equal to the surface GBR Sr and Ba ones [62] . On a larger scale, it was established that the combined sources of meteoric SGD and brackish SGD coupled with isotope exchange in the subterranean estuaries may constitute a substantial component (13-30%) of the modern oceanic 87 Sr/ 86 Sr budget [63] . In these authors' opinion, this flux probably exceeds less radiogenic Sr inputs by sedimentary diagenesis and hydrothermal circulation through the mid-ocean ridge system [63] . Although they do not directly involve SGD, Allègre et al. [39] suggest that 'underground alteration' of oceanic volcanic islands and volcanic arcs explain the source of the missing non-radiogenic 87 Sr/ 86 Sr in the oceanic Sr budget. They estimate that such 'underground alteration' could represent 60% of the current mantle-like input of Sr to the oceans.
By establishing a global inventory of the present knowledge of the distribution of Nd and its isotopes, Johanesson & Burdige [64] found similarities in the Nd isotopic signature of the missing Nd flux, the predicted signature values of the global SGD Nd fluxes, and the actual Nd isotope composition of groundwater fluxes reported in the literature. Taking into account the removal of Nd during estuarine processes, they argue that SGD could be the source of at least 20% or more of the missing oceanic Nd flux. A detailed study of the REE inputs related to SGD in two semienclosed South Korean bays revealed that SGD-associated REE fluxes were the dominant source of REEs, while contributions from atmospheric fallout and sedimentary diffusion were almost negligible [65] .
Despite large uncertainties about the SGD rates on the one hand and the Nd end members in seeping groundwater on the other hand, these authors suggest that SGD-driven Nd fluxes from these small bays rival those from major rivers. Moreover, results on dissolved Fe inputs due to the chemical alteration of freshwater and recirculating seawater advected through coastal sand (SGD) should be underlined here [66] . Using radium isotopic tracers to quantify SGD and cross-shelf fluxes, these authors estimate that this latter flux is equal to about 10% of the soluble atmospheric flux to the entire South Atlantic Ocean, while the coastal length they studied extended over 200 km only [66] .
However, SGD data are very scarce and processes occurring within subterranean estuaries poorly constrained, both preventing better understanding of the role of SGD in oceanic element cycles.
(d) What do the models tell us?
Modelling the biogeochemical cycles of the elements is of great help to evaluate the importance of their different sources to the ocean. On a global scale, the most sophisticated models are coupling an ocean general circulation model (OGCM) with a comprehensive description of the sources and sinks of any element to the ocean [67] [68] [69] [70] [71] [72] [73] [74] . The resolution of these models and the coupling with the tracer cycles are improving with time, as recently shown by studies in the Pacific Ocean and the Mediterranean Sea [75, 76] . Both groups of authors used high-resolution regional oceanic model (1/12°of horizontal resolution) to simulate the Nd isotope and concentration distributions in the southwestern Pacific and the Mediterranean Sea, respectively. In addition, Grenier et al. [75] successfully developed the biogeochemical coupling in original modelled Lagrangian trajectories of an OGCM, improving the estimate of the land-ocean fluxes governing the Nd parameter distributions. These works based on high-resolution models at regional scales did confirm the importance of the margins as source and sink of Nd to the ocean, initially estimated by the coupling of the Nd cycle and an OGCM [72] , and later confirmed by numerous simulations based on a highly cost-efficient model [74] .
Modelling tools led to clarification of some major scientific issues, and even to a change of paradigm. For example, it was assumed for years that dissolution from mineral dust was the main source of dissolved iron to the open ocean [3, 77] . Therefore, most of the biogeochemical models of the early 2000s included only a dust source for dissolved iron (see [78] and references therein). In addition, coarse grid resolutions at that time prevented the detection of sedimentary iron sources when suspected [79] . Aumont & Bopp [80] source in each grid cell based on a high-resolution ocean bathymetry. This allowed Moore & Braucher [81] to establish that mineral dust and sedimentary sources of iron contribute roughly equally, on average, to dissolved iron concentrations. The importance of the sedimentary source in governing the iron cycle was recently confirmed [27] . Contrastingly, Conway & John [82] used a simplified approach to establish that the major iron source is likely dust dissolution in the North Atlantic (yet off the Saharan dust plume), except close to the margins.
Models are also here to warn us on the need for greater understanding of the processes governing the tracer distributions in the ocean and how those could be represented in global ocean simulations. To this extent, the very recent comparison of 13 global coupled tracer-OGCMs against each other and with more than 20 000 field data revealed numerous gaps in our knowledge of the DFe cycle [83] . The authors underline (i) poor consensus on the input fluxes, yielding high discrepancies on the modelled residence times, (ii) weak understanding of the biological uptake processes, and (iii) poorly constrained scavenging processes and rates. In other words, the strong merit of this comprehensive model intercomparison was to underline the scale of the remaining task for establishing correct understanding of the trace element and isotope cycles, the main goal of the GEOTRACES program.
3. 'Boundary Exchange' comprises different sources and processes occurring at land-ocean contact
When they proposed that only exchange occurring along the oceanic margins can help in balancing both the oceanic budgets of Nd concentration and isotopic composition (mechanism named 'Boundary Exchange'), Lacan & Jeandel [45] and Tachikawa et al. [47] did not describe either the source or the processes determining this mechanism. Batch experiments or sequential leaching slightly illuminated the processes by confirming that a fraction of the lithogenic material can be dissolved, releasing some of the elements it contains and contributing to balance their isotopic composition [29] [30] [31] [32] 51] . These experiments also showed that secondary phases are rapidly formed, scavenging a large part of most of the released species. However, the resulting net flux is still poorly constrained, as underlined for an essential micronutrient as Fe following the FeMIP experiments [83] . Moreover, the above inventory of sites where the interplay between release and scavenging is expected to occur underlines the complexity characterizing how margins are built. Indeed, all the pathways described above are locations where 'Boundary Exchange' is occurring. 'Boundary' because river mouths, deposited sediments on shelf and slope and SGD are all part of the land-ocean interface (figure 3). 'Exchange' because all the processes leading to the release of tracers (dissolution, desorption, remineralization, etc.) could be competing with those removing the same tracers (precipitation, adsorption, etc.), depending on the element concentration, speciation and on the environmental conditions as for example pH or oxic-anoxic conditions. This is demonstrated at the river mouth by the fieldworks of Rousseau et al. [8] and Jones et al. [31] . Along the margins, the observation of such exchange involving deposited sediments was the basis of the hypothesis of Lacan & Jeandel [45, 46] but was further observed by many authors (see §2b). Finally, subterranean estuaries are suspected to be the site of Nd (and other tracers) removal following their release. It is beyond the scope of this review to discuss these processes in detail. The main idea here is that the exchange processes occurring at the land-sea interface are modifying the present quantification of the input fluxes of chemical tracers. Decoding this new paradigm will be one of the main tasks of the ongoing GEOTRACES program.
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